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MEBKEE THECEY OF EVAPORATIVE CCCLING 


frcef. Er. Engineer Habilitatus werner Heeussler, College of Science 


and Technology Karl—Marx-Stadt, Heat Ercineerinre 


te THE PROBLEM CF EVAPCRHATIVE COGCEING 


The increasing water skertage in all industrial countries 
precludes tae use of tresh water fer ccclinc, with its subsequent 
discharge into the envirenment fcllcowirc Featir¢e in the heat 
exchanger, in all but exceyticnal cases. The need fcr fresh water can 
Le ceduced te a few percent if a conversion is made to recirculating 
cperation with cooling ty evaporaticn ir accorcénce with Pige 1. The 
design ot the apparatus which is necessery fer this 1s complicated 
censideratly by the fact that ne clear exctange surfaces in the sense 


cf the theery can be defined fcr ceuplee neet erd ass transter 
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bketween the circulating water ard the ambliert @ir. For this reason 


experimental research is preminert. 


In power-generating techncelegy up until new the "cold" end of 
the precess has received less attenticr thar the ~recesses in the 
steam generatcr and in the turbine, altkough the energy conversion 
can be improved just as effectively Ey celder ccoling water as Ly 
cptimizaticns of heat irput and expansicn ci the working medium. A 
summary is given below cf the mest Lreéecert state cf research in the 


area ct evaporative cccling. 


Ze THE INTERACTION CE REAL 2ND BASS TRASSEER LESING THE EVAFCRATIVE 


FRCCESS 


Puring flow througk @ ceeling apparatus a= in Fig. 1, the colder 
exterral air picks up heat and meisture frcea the sprayed or sprinkled 
circulating water and thereky alters its stete from ty, Kye %y tC tae 
ee @ogs The superpositicn cf the heat @rd sess transfer also effects 
an additional coolirg cf the water if its temperature has dropped 
kelow the temperature c£ the air, which to the chsetver may seen 
SUIpeising. The interacticr cf toth transfer frecesses can best be 
seen in the h,x-diagraw in which the erthalpy h and the moisture 
centent x are assigned te the cecrdinate axes cf the obligue 


representaticn. Thereby a direct view results ter heat and fass 
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—ne 


Fellowing the international adecpticn cf the h,x-diagram [ 1} 
there shculd also be mere vigorcus use in the ccoling tower sectcr in 
cerder to facilitate the exchange Cf research results with cther 
bEranches of science and technclegy in «hick this basis for 
calculation is already emplcyed (air ccrditionirg, drying and 
refrigeraticen technclogjy). The tabular represertaticns which are 
still preferred in the "cecling tower regulaticrs” [2] cannet achieve 
the overview and graphicness cf the h,x-diacrana, the readability cf 
which can be easily matched tc the limits ci errer cf cooling tcwer 
Lresearch. A diagram with interrationalliy recognized format and 
taterial values remains a werthwhile geal fcr future develcpmert [3]. 

A boundary layer temperature 6, determinire fcr heat and sass 
transfer, is accepted tcr the precesses in the water trickling dcwn 
during re-cocling in accerdance with Fic. 1. An equilibrium state is 
created on the surface cf the water anc the air particles assure the 
temperature 6, Their water vapcr partiél] fresstre becomes egual te 
the saturation pressure Ps at @. Therefore ir the h,x-diagram the 
€quilitrium state is fcund cn the Satureticn line ¢ = 1.0 a2 
acccrdance with Fig. . 

Fe ccenvective heat transter q teéetween the water and the air 
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Eee = 63397 oT 
the farzliar relaticnship is valid: 
x = a(h—t) 
(1) qk a ( ) 
with @ for the heat transfer number. 
The guantity of water eévaperated is expressed 
(2) My = 0(xLs— x) 
* in this case is the saturation content at 
centent of the core flow, « iS the evaperatiacn 
The “air number" 
th 
(3) ea 
as the ratio of the volume cf air passirg thre 
ci water m,, has a déeterwining effect on the 
temperatur iw attainable during re-ccolirg. 
cUantities of air th LE Stare £ (bys in Bag 
unchange and there occurs a clear ccoling cf 
stat of which A(@s 24) lies akcve the air ten 
cuantity of heat @& is transferre. te the air 


6 and the mcisture 


x 


rurbere 


uch “2 to the vclume 
final water 
In the case cf large 
- 2 remains practically 
tke water, the entry 
ferature so that the 
cconvectively. In F the 


temperatures are balanced (@:=4& %=90) while ir C and D the heat flcw 
reverses its direction and rew heat is transferred increasingly fregr 


the warmer air to the cecler water. 


Fer the mass transfer, eccerding tc Eq. (z2) the driving ferce is 
the difference in the mwcisture ccntent ketkween the Saturaticn state 
a on the boundary layer and *% an the core flew ch the air. it is 
greatest in state A and reduces through B, C te D. The mass flew 
remains unidirected fren the beundary léeyer tc the air as is shcwn cn 


the right in Fig. 2. The necessary heat rectirenent tor evaperaticr 
3 J Pi = 


(4) dy = myr 


results trem the prceduct ci my accordirg tc Eq. (2) and the heat of 


evapecration r at a surface temperature 6 which can be taken freu 


In the interaction cf heat and mass transfer the water in state 
A has the quantity ct heat g=ae+q tc deliver if there is ne 


external heat input, thus the preeess ~roceeds ediakatically. The 


> 
w 
+ 
v 

a | 
+ 
fa 
b- 
~~ 


Subsequently ccecl and even after reaching state B (qx =9) 
its heat release is not yet finished since it still has to ccmeletely 


supply the heat requirement fet evapereticr gy « Only tollewirg 


cccliny telow B does the ncw warmer ait begin tc contribute to the 


———— 


BCC = G33 t 


heat cf evapcration, respectively, can the heat supply of the water 
@=(@y—ax) decline, state C. The weisture ccntert difference (%;—z2) 
has simultaneously becere snaller and beat enc sass tlow are ncw 


2 


cCEpositely directea. Firally a bendary state is reached in which the 
Feat supply trom the air just suffices to ccmpersate for the heat cf 
Evaporation: = . This state is called én adiabatic steady state, 
it correspends to point BD ir Fig. 2 ant means that the water isc not 
giving cff any more heat: g = 0. In B is tle levwest temperature tc 
which one can cool water with air cf a greassicred state. State D is 


therefcre alse designated as the "ccclirg Jinit." 


Alse valid for the state of adiakatic statility are 


Vk = Wy = tyr 


a(8—t)=o0(4;— a) r 


Experimental frocf fer the relaticrshifs eccerding to Fig. 2 was 
cktained by the authecr using an evaperetior test stand and 
measurement cf temperature trofiles [4}. The investigations cf 
[icnelt were continued tsing ketter equipmert [fj]. In addition, at 
the present time in the mechanics latcretcry cf the College cf 
Science and Technolcyy Karl-Yarx-Stadt partial ,ressure prefiles ate 


teing recorded [6]. In Fige ¢ the temperature ard partial pressure 


Eretiles are schematically represented. 


fhe adiabatic stability state D is attéine¢ in the cocling tcwer 
fer \ = = In the case cf gtantities cf water which are large in 
relaticn te the amount ci aixr fdsssing thrceugh the system, 1.€., X% ~ 
C, the keundary Layer state (6%) cf the ircotiry water remains 
urcharged and the air state L i¢ drawn to it rectilinearly. In 
Fractical cperatiou cne strives for the lowest fossible cold water 
temperature te but hardly cets belcw £— since the air threughput and 
the exchange passages are limited. Fer en evalvéticn of the total 
precess and its lakcratcry sinulaticn it is apparently necessary te 
cetermine net only the inlet states cf the air and water but also 


their cutlet states. 
j= MPRREL THECRY OF BVAECRATIVE COGLENG 

The classic work in the area cf evepcrétive cooling was dcne ty 
verkel [7] as a dissertaticn fcr habilitaticn ét the College of 
Science and Technolcgy Cresden. In it he used the relationship 


a 
(6) oot 


which Lewis [8] derived thecretically under the assurption that there 


is no temperature gradient present in tke water, is€., there 1¢ an 


BCC = ote eo t 
adiabatic stability D in acccrdéence with Fig. 2. cy in this case is | 
| 
the specific heat cf the mecist air. 
Through elementary heat ang mass talances ana using Ege (€) and 
Merkel errived at his fundamental ecquaticn 


certain simplifications 


ty At y Cy = (hy — hy) dA 
tempetature 


(7) 

Here Ay is the enthalpy cf saturated eir at the water 
fw aod As is the enthalpy cf the air in tte cere flow. The 
relaticnship states that the heat less cf the weter depends cnly cnr 
the enthalpy ef the air, tut net, however, cn the temperature t and 

the mcisture content x. 

Werkel's fundamental ecuaticn has entered the internaticnal 
litereture and is generally used tcday for the keat-engineering 
éesigning ct cocling tcwetrs. Fer evaluating measurements one ccnverts 

tws 
oA Cy Aly 
Ky=2—= [| ,"-% 
( € ) \ my (hw aM hi) 
twa 

{he integral is solved usirg ar apfprexinaticn method, @.g-e, after 

fgangemacher [9]. The dimersicrless expressicr Ky is designated as 
the evaporation numker and it characterizes the cecling capacity ci a 


Merkel attempted to ccrfirm his Eurdamwente] equation 


experimentally, whereby he was primarily ccrcerred with checking 


ran) 
ae 
-+ 
coal 
oe 
™m 
c 
be 
et 
a9) 


fewis® law, Eq. (6). His * are ecattered in a wide range. 


If they are plotted so that 


(€a) ial 


retresents the relationship ci the driving ,otertial Axy=(%—z2z) tec At 
= (@-t) then there results @ median curve with @ surprisingly stall 
spread which permits one te presume a cecrrelaticn cf the Z-values tc 
the pcositicn cf the charge cf state in the h,x-ciagram. The tests are 
te ke arranged between @ and EF accerdixre te Fic. 2 and display 
?-values > 1.0 with an increasing diffetence ir comparison with Eq. 
(6) during the apprcach te E. During tests cn aixr washers kelow D, 7 
also resulted less than 1.C, while in tre state ot adiabatic 


stability Eq. (6) cculd ke cenerally ecrfiraed. 


In Spite of the unsaticfactcry experigcental results acccréing to 


Fig. 3 Merkel made * teld statement that £4. y5) and (6) are 
ccmpletely valid in the werking range cf ceclire towers. This 
rreveked the oppositicn cf cther researchers. 


BEC = 03234 ; 10 


In deriving the fundamental equaticn {7} the fcellowing 


¢inglificaticns were alse made: 


aj) the tenperatuce drop ih the Water as disregarded (te = 8) 


bt) the evaperating quantity cf water ™ is disregarded, 


e) the heat of evaporation r and the specific heat cy are 


introcuced as mean values irdependent cf téapereture. 


In later works the effect ci these aprroxineticns was €xasined 


tke etate of the exhaust 


= 
ret 
al 
H. 
a 
A 
rt 
+ 


and uncertainties in +he determi 
air were peinted ont. A final clarificaticn of the relationshits 


according to Fig. 3 was attained with rew tests. 


We RECENT STUDIES OF MERKELYS THECEY CF EVAEORFITIVE COOLING 


The publicaticn by Merkel {7] aroused = greater number of 
further investigaticns cf the evapcraticn fiocess which were first 
cacried out in Germany end then increasincly ir cther countries and 


which have not yielded unifcrm results. In ,articular the ceurse cf 


the curve in Fig. 3 has not heen satisfactcrily clarified. 


Ree = 033:1 
An analysis of 
made in recent years 


Eraunschwelg 


(FRG) a 


strongly contradictc 
feunded on their own 
Klenke f 10 poe 


according to Fig. 2, 


and water cool off, roughly state C) ar 
air heats wp and water cools off, regi« 
syncnymous transfer, 1u agreement with 
the heat less of the water is the diffe 
heat cf evaporation gq, and the eat wi 
eonvectively from the @iz Gy accerdit 
Cppesite transfer only the heat of evat 
water, and the convective heat less tc 
partial condensatior of the tormed vapecr 
{3] centradict this view and ccnfirm th 
thecry that for t < 6, the flew cf wate 
cf evaporaticn and the teat lost tc the 
censtant change of the air temperature 
transfer conditions the heat less cf tk 


TY 


the ipternational state otf development has Leen 
in twe digsertaticrs; cne work by Klenke in 

na d work Gy Menive wn boescen (GDR). The 

ry thectretical statements cfi both authors are net 
measurements. 
the tcetal p~rocess cf evapecrative cooling 
ditferentiates “Sytonyrovs transfer” (t > 6, air 


qteppocsite transter*® (tf < 6, 
ch A a@ppreaching B)s While £cr 
the considerations cf Fig. 2, 
rence ketween the necessary 
i¢gh is transferred 

6 te Kilerke,; in the case cf 
craticn is supplied ky the 

the air takes place due tec the 
ke The neasurements ct Lienelt 


€ agssumpticns of Merkel'ts 


rt hes to supply both the heat 
air cervectively. With a 

end rearly ccenstant mass 

€ water chanyed in the case ot 


cppesite transfer. Klenke rejects Yerkel's thecry and the Av-sethods 


derived frem it but considers Merkel's measurements to be valid and 


attempts to clarify the contradictions in Fig. 3 using a new thecry. 


In ‘contrast. to th 
experience, considers 
changed operaticnal an 
deta and has come tc yg 
from the sSimplificatic 
ccmpared with an "expe 
account of the cutlet 
estimates that with ky 
calculated 2 60/70 too 


are ccmtpensated for to 


rips with the erxrer pessitilitises wkich arise 


is Mehlig [11], ir acreenent with internaticnal 


Fe. (7) te be suitable fer predetermining 


d @désign conditi¢ers ci ceocling towers iren test 


ns peinted out at the end of Section 3 as 


nded fundamental eqguaticr" (derived taking full 


» (7) the K,-values, cn 6n average, are 
Lew, but dn practical application the errers 


4 Great extent by the devuble intreducticn of 


the fundamental equaticr. 


According to Méenl 
experiment according t 
the measurements and 
rarticular the uncerta 


jetermining the exhaus 


ig the discrepancies tetween theory and 

© Fig. 3 can be traced tack tc inaccuracies in 
ae ke 

valuations by Merkel andNpcoints out in 


inties which cceme intc play as a result cf 


t state using a heat talarce. 


Fer final clarificaticn cf the relationshifs, in the mechanics 


se cf Science ane LTechnelogy Karl-Marx-Stadt, 


after sutficient exrerie 


coolira installaticns 
was cecnstructed whcse 


cr the apparatus use 


test series tc be indepen 


and meisture content) 


afterheater V was instal 


final inlet temperature 


censtant. Tae quantity 
aperture 16 followiry 


cylindrical transter vy 


rematic cf the 


been accuired with measurements on 

cugh ccentract research, a test installaticn 

Secticr was mcceled to a great extert 

Merkel but which ccnté@ined significant 

lation of staktility stetes and the 


Special care was tseé in determining the 


instellaticn. In order fer the 
dent cf the amkiert air states (temperature 


air washer III with preheater IV and 


rf 
re 
(®) 
= 
ct 
oO 
+ 
ct 
-r 


ed in n€ méasuting secticn I. The 


was controlled ky thernmcestat 3 and kept 


aic m, was ceternired with the stancard 


calming secticr and was blown into the 


sel thrcugh an énntlar channel. The 


measurement cf the supply air temperatute t, wos accomplished with 


the resistance thermometer 1 the 


mercury thermemeter 2. 
determined with th 


tyqremeter 4. 


reading cf which was checked with a 


The weisture cortent of the air x, was 


psychremeter S and additicrelly with the 


Prior to determination of the exhaust state ts, Xp of the air 


the ertrained water 


droplets we 


ccllected in twe drop separatcrs. 


thermcreter 7 and c 


moisture ccntent Xs 


Feating permitted a 


The warm water 


a heating unit by a 


the strainer 17, it 
rezzle prevented cl 


ti was measured wi 


the mercury thermoue 


measured with the rx 


mercury thermemeter 


Eccent Dre ef Engin 
ccnstructed in his 
installaticn [13] + 
cf a project for ca 


en advisor, Fy M. S 


clarifying the cont 


14 


petature tz Was measured with the resistance 
hecked with the mercury thermcmeter 8. 
hygrcmeter 10 were irstellec for determining 

- FOr exhaust States near saturation ad jestable 


nh itpreved determineticr cf the moisture content 


Sprayed threugh the ncezzle 13 was passed threugh 


== 
me 
rt 


supe and havirc ccclec, ccllected in the 
vessel, where, after cuantitative measurement in 


was discharged. A Sieve installed in frent ct tne 


eggirg cf the outlets. The werm water temperature 


th the resistarce tkermcreter 13 and checked with 


' 
re 


15; the cold water temperature 4: was 


esistarce thermcmeter 1z2 anc checked with the 


llaticn, aS @ graduéte frotect attendend to ry 
eerirg BE. J. Feinkctke, sas cesigned and 

cwn workshcy. FCcllewing treék-in of the 

ie investigaticns were ccntirued in the framework 
ndidacy in ecierce [14], ter which Reinkcthe was 
- J» Atdei-Hamid (UAE) fcr tke purpose cf 


tadicticns Letween thecly arné experiment accciding 


Ecce = O33 
tc Fig. 3 and between t! 
Mehlic. A significant re 
In this representat 


e thectetical statements cf Klenke and 
sult is shows ae Fic. £. 
icn Abdel~Haric has plictted the nean vaiues 


Z measured by him acccrding tc Eq. (€é), with transpositicn cf the 
cecrdinates in Fig. 3. In the range cf Merkel*s tests the new 
measured values are concentrated betweer 4 = C.8 to 1.0. This alsc 
serves as proof that Kienke's precedure { 1C] cf censidering Merkel's 
tests to be completely valid, Lut rejecting his fundamental equaticn 
cf evaporative cooling and ¢pEpesing it with a new theory, cannct ke 
successful. | 

The marked deviaticns cf Merkel'*s test values from Lewis law 
can te traced te impertecticns in the enplcyeo neasuring methods, 
particularly in the determinaticn cf tke exkaust state by means cf a 
heat balance, and in tie evaluaticn precedtre. In the operating range 
cf coeling tcwers Merkel‘s thecry remairs ar afyrcpriate method fcr 
re-evaluating accetrtance tests to cther conciticns and for making rew 
designs, and as such it has preved itself irtérraticnally. Therefcre 
cne must ayree with Mehlig [117] that tke assumpticns and 
simplifications made hy Merkel in develcpince his tundamental equaticn 
Fave ingeniously made the intricate Feet anc material exchange 


accessibl: 


prcecess 


= 


calculaticr. 


Fig. 5S alse shcws tests which were made in the range t > 6 and 
which therefere yield negative values fer the rétic AxysAt. This range 
is impertant for the precescses in the @ir washer cf an air 


ecrditionir 


installaticn and in the USER particular attention has 


keen paid to the questicn cf why, in the state cf adiabatic stability 


a 


r 


[- according to Fig. 2, lewis" law 1s gererally cenftirmed and 
gatisfactcry agreement ketween thecry and experiment can also te 
established in regicn 4, Eut in intermeciate stetes, however, 
Cifferences cccur which cannct he cverlcokec. Mest recently Kokcrin 


{15] summarized the existirg exrerimentel méterial. 


tn 


ince research is else kteing cenducted on the air conditicning 
Frecess in the department cf heat Engineetrirg at the Colleye of 
Science and Technolcygy Karl-Marx=Stadt, tests with the air 
temperature above the temperature cf the Sprayec water were alsc 
included in the pregram by Abdel-Hamid, after Schreiber [ 16] had 
letermined the Ze-Values skcwh ir Fig. 5 tsire an air washer. The 
ccurse of the curve is ctalitatively ccrfirnec end points cut that 
under these conditions the analogy is ne lerger satisfactorily 
satisfied. The ratic Axysdt = -0.4 corresperncs tc adiabatic stakility; 
an increasingly negative value ci the ratic indicates a change cf the 


transter conditions thrcugh C teward B. 


the framework ct bis irvestigations Atcel-Hamid [ 14} 


develecped an additicnal impreved methoc fer 


etermining the 


re 


@pELOpriate mean values Av, ard At it cnly tke initial and final 
states of the air ard water are present as test data; no statements 


can be made, however, akcut the 


bas 


termeciate cctrse of the chanye ct 
state cf the air, which wevld permit a crapric determinaticn of the 
teen value. Fig. 6 IS a schematic representeticr cf the course cf 


ehanges of state of the air (1 te 2) an¢ water { 4 0 %:) in the 


In addition he investigated the effect cof the simplificaticn 
t=O, and fer laberatcry studies cf ccolirg irstallations, 


ccencludes that the wate LStrikwution In the wecel and in the actual 


ee 
J 


na 


structure must lead to ¢cinilar drop sizes, the water temperature aaa 


in the inlet should ccorrespcnd te cperetince ccréiticns and the irlet 


states of the air should maximunly apercach the cperating ccnditicns. 
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Figs Z. The interaction cf heat and mass trensfer during the 
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Figs 4. Schenatic ci the test installation in the 


lekcratcry cf the Ccllege cf Science anc Technclogy 
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